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b) available deformation length L0
L0
cracked matrix
a) homogenous bond, L =00
filament
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Ef = 400 GPa
Ef = 200 GPa
Ef = 100 GPa
Ef = 50 GPa
Ef = 25 GPa
Em = 20 GPa
vm = 0.2
V = 0.5 %f
r = 0.23 mmf
Lf = 30 mm
0 0.2 0.4 0.6 0.8 1.0
























Ef = 200 GPa
vm = 0.2
V = 0.5 %f
r = 0.23 mmf
Lf = 30 mm
Em = 40 GPa
Em = 10 GPa
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hatched area represents different possibilities of the material behaviour
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matrix M030 with 1.0 % short
dispersed glass fibres
= 165 mmd
matrix M030 with 1.0 % short
carbon fibres
= 145 mmd
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fine-grained concrete matrix laminating technique
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4 layers of textile
4 layers + 0.5 % glass fibresdispersed
2 layers of textile




















4 layers of textile
4 layers + 0.5 % glass fibresintegral
2 layers of textile




















4 layers of textile
4 layers + 0.5 % carbon fibres
2 layers of textile




















4 layers of textile
4 layers + 0.5 % dispersed glass fibres
2 layers of textile




















4 layers of textile
4 layers + 0.5 % integral glass fibres
2 layers of textile




















4 layers of textile
4 layers + 0.5 % carbon fibres
2 layers + 1.0 % carbon fibres
2 layers of textile
matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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2 layers of textile
















2 layers of textile
2 layers + 1.0 % dispersed glass fibres
















2 layers of textile
















2 layers of textile
















2 layers of textile
















2 layers of textile
2 layers + 1.0 % carbon fibres
matrix M030 (w/b = 0.30)
matrix M030 (w/b = 0.30)
matrix M045 (w/b = 0.45)
matrix M045 (w/b = 0.45)
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2 layers of textile
+ 1.0 % short integral glass fibres
+ 1.0 % short dispersed glass fibres
+ 1.0 % short carbon fibres






























matrix M030 (w/b = 0.30)
2 layers of textile
+ 1.0 % short integral glass fibres
+ 1.0 % short dispersed glass fibres
+ 1.0 % short carbon fibres
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100 mm 100 mm
100 mm
100 mm
matrix M030 matrix M045
without short fibres
with 1.0 % short
integral fibres
with 1.0 % short
dispersed fibres
with 1.0 % short
carbon fibres
100 mm 100 mm
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2 layers of textile


















2 layers of textile
+ 1.0 % short carbon fibres
2 layers of textile
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matrix M030 / without textile
1.0 % short dispersed glass fibres










0.0 0.5 1.0 1.5 2.0
plain matrix - reference
matrix M045 / without textile
1.0 % short dispersed glass fibres
0.5 % short dispersed glass fibres
fibre pullout dominates
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0.0 0.5 1.0 1.5 2.0
matrix M030 / without textile
1.0 % short carbon fibres
0.5 % short carbon fibres
fibre fracture dominates
plain matrix - reference
matrix M045 / without textile
1.0 % short carbon fibres
0.5 % short carbon fibres
fibre pullout dominates















  	    	
	  	  
	   %     
 	
   
	  
 





    




















    
	  	

    	
 		  




    
 








	 	   #  $" 
%    	 
 	
 		 	














   !(  	 	   
 
 	  
   	



















 	  	 '












 	  ' 
    	  
 
  ) 	 	
*
  ",$  *
  ",, -	 








 $! %    	






 	     	 
  	 

















	       	 
	  		 	 	








   % 
 %    	





	 	   !
	 
 













 - . /0 /1   12 23 3  
4  % 	
 -3 - 0 3 /55 1/ 3 /0
4  % 	
 -3 50  0 -5  / 0
4  % 	
	 -1/ 2 0 - /-5/ /0 5  
4  % 	
	 13 31 5 3 3/0 - /0 -b
 3 . 5 3   052 /5 - a
4  % 	
 1/  / /  15 / 1
4  % 	
 21 - 1 3 /5/ 3- 32 2
4  % 	
	 /3- /  / /5 1 -3 5
4  % 	
	 /30 -1 0 / 01  -/ 
   	 











    




   

   	
 	  	    	 	   	   	

     	 	
 	  
   	    
  	    	    	   %  
  
	   	              	
 	
   ! 	  !    	 	 ! 	  " %
 
 	      	  	  " !  
  
	  	 	 	  %  " %  
#          	
 
       








	 " '(#  	 
    	$	   
    	$	) 





! 	   	  "& 
      %  
  	 	 
	   	  & 	   !    " %  
 	
	#        	
 	  	   	 	 , 	#
	 ! !)    	   	  # ! #  ) 
	 ! 	 	 #    	  	 %#  !  
	 "&




    ! 	  	
	 "-./ 0  "" 0  "&.& 0 
      %  " %  

  	 	# 	   !  	





     	 
                  
                      
 
     	 




  	  % 
 	   	 
 
 	     !3"
#   $ %
&  & 
' & () $)% ) $*%
+
  % 
      (, $% )) $%
+
  % 
      ( $)% ) $%
+
  % 
    ) $(% ,, $%
+
  % 
    )(, $% , $%
+
  % 
     ) $)% , $*%
+
  % 
     )( $% , $)%
 ! " "       	# #      " 	 #    ! 
                         "
$
           "        "
       	 
                   
              %          !   
#    #  & '( ) *  ' ) * +         
                       ,  
 -   #   	 
      !  !  
    #  & '( ) *  ' ) *#       !$
 	"       ! " "   %#      
        "         $      .!"
#     !      # #      
 !    #   # $ #          
    !     	 
 ) & '(  '* -      #  
        !           
      /                   
               !    "
       !    	 !     ! ! " "   )!0
1 *           !  	  #  #     
  # #    $#  & ' ) * 2  !0 1      
     #       !$  	" #   
                     
 !  & ' ) *
-            !   	 
        
   " "              	 
         #      #     # !"$! "
$    .#          ! 	   # 
& ' ) *     !               
  !$" "       $   #         
33
  	
	       	 
	  		 	 	
  	
   	 
	   
 
	 
     
	   
     	
         




   
     	 
  	

        
   
          
      
    	     !     
 
      ! 
 "   
      
      
 #   
$    	         	 
 "   
   
   
 #   ! %    
      	  
 
   & '#(#           
  & '# "  
       
  "          
    	
 )      	  
 
 &  * %    
  
        
         
   
      
 # %    	 + &  , %"     )
    
  "   -     
     
      
      
   $  (   
    
          
    

     
       
'     	  
    . 
  
  &    
 
           &   
 /$/'  	
      
   	        & '#(#+ 
  
  
    0$1 2   . 
"    	
 	 " 
  	 * 0 	2          & '#   + " 
       . 
 "     "    
	   3 4 
   " 
  	 * 0
2
  	        
  	  " 	    "    	    
    5  
  
        & '#(#  
 "        
      !	  

     	   


























matrix M045 (w/b = 0.45)




















with 1.0 % short dispersed glass fibres
matrix M045 (w/b = 0.45)
matrix M030 (w/b = 0.30)
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20 m 20 m
good bond bad bond
  	   	  	
 	
	  	 	
	 		  
 		  !
    
 
   	
 	  	  	
   	
 	  	  	
    	
  	  			 	  
		    
	   	  
 		  	   	! "	  		
			 	 	 




  	  
 	 	#	 
$ "		 
$ 	
		  	   	 	 %	
	  & "	 	 	 	 
	#	 
$  	  
	 	 	 	   	   '
	   	 %	
	  	    	  	  			 	
  	   			 #	  	 	 	
	  	
	
"	 	   #	 	 			   	

  	
       
  
' 	  	 	 %	
	  	  	  	  			 	 
 	   #	  	  	#  	 
		 		   	  	 	
	  	
 ((
)		          	 	  






 	 (*       		  
+
  	$  	 
 	 

$   ,	 	 %	
	  	
  	 

$  
 	 -.*/ 	
 	 	 	 		 	 
 		

  	 





    	
 	   	
   	
		  		
   

	 -2 -.  -  
	
		 
#	 	  	
	 	 
	 
	 32(2  32-4  	   .2 %   		  	 
 
 	 		
#	 5# 	    	 	   
	
	 	  
	 
 
	  		  			     
#		 		 
/ 		  "	 -4
"	 
		  	 	  
	  		 	  		  	 		
	6 -4 %  	 	
	 	  	  32-4   	 .. %  	
	
	 	  	  32(2 






 	  
	    	   		   		 	
   	
  	    	




 	    %  	
 	
 	   	
 	
 	  
	
	   	
   	
    
  ! 	
 	
 	 !   " #$ % 








 	  	 
 	
 		   
	
 	 	
 	  
	!   !   	 
 
	 	)
         
 *  	
 	  
	 
 
  	 	
  	" & 	     		 )
    	 	
   	












































matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
  	    	




   %
 
    
  	






 		  & %! 	
	 	
 	  




  	 	



















































matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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short fibre crossing a yarn
multifilament-yarn canal
canals of short fibres
crossing a yarn
short fibre crossing a yarn
short fibre crossing a yarn
multifilament-yarn
500 m






























al short fibres crossing the
upper side of a yarn
short fibre crossing the




500 m 200 m
short fibres crossing the















short fibre crossing the
downside of a yarn
500 m
short fibres crossing
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0.0 0.5 1.0 1.5
embedded length: 3 mm
inclination to crack surface: 90°
matrix: M030 (w/b = 0.30)
short dispersed glass fibres
embedded length: 3 mm
matrix: M030 (w/b = 0.30)
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embedded length: 3 mm
90°
matrix: M045 (w/b = 0.45)
inclination to crack surface:
short dispersed glass fibres short integral glass fibre
embedded length: 3 mm
matrix: M045 (w/b = 0.45)
inclination to crack surface: 90°
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plane fibres inclined fibres straight fibres
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0.0 0.5 1.0 1.5 2.0 2.5 3.0
matrix: M030 (w/b = 0.30)
inclination to crack surface: 45°
matrix: M045 (w/b = 0.45)
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Δle : Deformation in spring S1 when the critical load Fcb,1 is reached,
i.e. deformation of the fibre at the breakage of the first cross− link.
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fibres with angle of 90° to crack surface fibres with angle of 45° to crack surface
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fracture surface 1 fracture surface 2
(bottom) (middle) (top)
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short dispersed glass fibres
matrix: M045 (w/b = 0.45)

























 		  	







 		  	





 	  	 
   !"
   	 
	 
#	 	  	  

 	 $
%	& 	  	  	 '
!(!(	 








 	 )* !(!'(!
-
 	  	  	 ,
!(!(	 













 	 / 





















	 	 	   





   


	  	  
	  
















   
     ! 
 	   	 	 	
i = 10 
	 
	 	 w = 0.3  	 
	
    	 Fcb,i = 0.0184 "
 
	      	 Fcf,i = 0.0184 " 
	    	 	
 Si = 28 "# 	 

 	    
  Ffra = 0.165 " 	      
 	 Ffra > 0.184 "
	     










      
	
 	
  % 
 
  




   	    




 Fcb,i = Fcf,i
& 	 
 
	 	  	 
  
 






 	 	 
















  	   




    	 	 	    
	 Ffra < Fcb,n +
∑i=n−1
i=1 Fcf,i



















characteristic values from the pullout tests
modelled response
hatched area to refer to
the various shapes
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characteristic values from the pullout tests
modelled response
hatched area to refer to the various shapes of the descending
branches of curves obtained from pullout tets
corrected curve
discrepancy due to
progressive damage of friction capacity
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embedment length: 2 mm
fibre pullout
embedment length: 2 mm
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embedment length: 1 mm
fibre fracture
embedment length: 1 mm
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experimental result obtained from specimen:
matrix M045 with 1.0 % short dispersed glass fibres
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experimental result obtained from specimen:
2 layers of textile and matrix M045 with
1.0 % short dispersed glass fibres
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matrix M030 with 0.5 % short
dispersed glass fibres
= 195 mmd
matrix M030 with 0.5 % short
integral glass fibres
= 195 mmd
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matrix M045 with 0.5 % short
dispersed glass fibres
= 175 mmd
matrix M045 with 1.0 % short
integral glass fibres
= 180 mmd
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4 layers of textile
matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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4 layers + 0.5 % dispersed glass fibres
matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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4 layers + 0.5 % integral glass fibres
matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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4 layers + 0.5 % carbon fibres
matrix M030 (w/b = 0.30) matrix M045 (w/b = 0.45)
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100 mm
matrix: M030 matrix: M045
2 layers of textile
without short fibres
2 layers of textile
with 1.0 % short
integral fibres
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2 layers of textile
with 1.0 % short
dispersed fibres
2 layers of textile
with 1.0 % short
carbon fibres
100 mm 100 mm
100 mm 100 mm
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